The thick-target PIXE technique was applied to direct analysis of trace elements in tourmaline minerals. Analyses of these minerals with conventional wet-chemical methods are difficult and time consuming. The PIXE analyses were carried out in air with a collimated proton beam. As the technique was used in combination with a polarizing microscope it provided excellent control over the spots analyzed. A scanning device was developed for remote-controlled spot analyses across the surface of the samples. Several scans were run across polished sections of multicrystal schorl-tourmaline aggregates. Pellets of crushed and ground tourmaline samples were also analyzed. The method was calibrated against USGS standard reference materials. The precision of the method varied between 1 and 10 % and the detection limits were 1-10 ppm for most of the elements analyzed. Different sets of X-ray absorbers were used to improve the sensitivity and reliability of the method for the elements of interest. The concentrations of fourteen elements were calculated from their X-ray yields and the fluorine content was simultaneously determined using the 109.8 keV gamma line.
INTRODUCTION
Geological materials commonly consist of elements with atomic numbers (Z values) ranging from 11 to 20 (Na-Ca), with the exception of iron (Z=26) and oxygen (Z=8). These elements can be analyzed with a variety conventional methods. X-ray fluorescence (XRF) is often used for the determination of the bulk composition of a solid sample and the electron microprobe (EMP) for point analyses and scans. Several high-quality methods for whole-rock, trace element analysis are also available. Point analysis of trace elements in the ppm range is more problematic and requires more sophisticated methods like laser ablation ICP-MS (Inductively Coupled Plasma-Mass Spectrometry), SIMS (Secondary Ion Mass Spectrometry) or other ionbeam analyses.
The chemical compositions of tourmalines are complex and difficult to determine. Wet-chemical methods require dissolution of the samples, e.g., by fusion with Li BO,, H 3 BO, or Na,0, as fluxes. High ratios of flux to sample, necessary for dissolution, result in a great risk for contamination from the reagents and a diminunation of element signal. Use of high temperatures implies loss of volatile elements. Crushing and grinding hard minerals like tourmaline can also cause contamination. For many analytical methods high iron content can cause interfering effects.
The Particle Induced X-ray Emission (PIXE) technique, first described by Johansson et al. (1970) , provides an instrumental, usually nondestructive, method for the analyses of geological specimens. PIXE is a truly multi-elemental method, because elements with Z> 13 can be analyzed simultaneously. The method utilizes a particle beam of an accelerator, usually a proton beam in the energy range 2-3 MeV, to induce characteristic X-rays from the elements of the sample to be analyzed. The PIXE method and variations of it are comprehensively described in e.g. Johansson and Campbell (1988) .
In this study the MGC-20 cyclotron of the Åbo Akademi Accelerator Laboratory was used for thicktarget PIXE-analyses (TTPIXE) with an external proton beam. An great advantage with this technique is the handling of large samples during analyses along centimeter-scale profiles. The technique was applied to the analysis of trace elements in coarsegrained tourmaline minerals from a complex granite pegmatite from Mattkärr in SW Finland. These tourmalines have been earlier analyzed for the major elements by Lokka (1943) and the pegmatite has been described by Pehrman (1945) and Hazebroek and Lof (1976) . Tourmalines are among the last minerals to crystallize in pegmatitic veins and their composition reflect the composition of the latestage residual liquids. Because they are very resistant to weathering they are locally important in soil geochemistry.
EXPERIMENTAL

Irradiation conditions
The Åbo Akademi 103 cm cyclotron was used to produce a beam of 3 MeV protons incident on the target sample situated outside the cyclotron-vacuum system (Fig. 1) . A 7.5 |im Kapton foil was used as particle beam-exit window separating the cyclotron vacuum from the laboratory atmosphere. The beam was collimated to a diameter of 1 mm. The integrated charge on the target was measured indirectly utilizing measurement of light emission induced in air by the particle beam (Lill et al.. 1993b ). The light is mainly due to molecular band transitions of N,. The integrated charge is needed in the normalization of the measured X-ray yields for the quantification of the results.
The samples were mounted with a planar surface facing the particle beam and the X-ray detector at angles of 45° (Fig. 1) . A scanning device was developed for the remote control of the sample. The samples could be moved in vertical and horizontal directions without changing the irradiation/ measuring geometry. The irradiations were monitored with a video camera.
Data collection
An intrinsic germanium planar (IGP) detector with a 25 pm thick beryllium window was used in the experimental setup (Fig. 1) . The resolution (FWHM) of the IGP detector was 165 eV at 5.9 keV. A Canberra 2020 spectroscopic amplifier was used for pulse shaping. The A/D conversion was done with a Canberra 8075 ADC connected to a Nuclear Data 66 multichannel analyzer. The recorded Xray spectra were transferred to a PC and analyzed off-line with a commercial peakanalyzing program (SAMPO 90). FORTRAN programs were used for the identification of the peaks in the X-ray energy spectra and for the normalization of the obtained peak areas.
The IGP detector (thickness 5 mm) is preferable to an ordinary Si(Li)-detector, as the efficiency of the IGP detector remains on an acceptable level even at energies up to 100 keV. In addition to high-energy X-rays, a gamma line due to the llJ F(p,p'Y) 19 F reaction was obtained and recorded. This was of special interest as fluorine is difficult to analyze in geological samples with conventional methods.
Sample preparation
The TTPIXE method enables direct analyses of solid samples. In this work 0.1 mm polished uncovered thin sections of minerals for polarizing microscopy were studied. Only mineral sections larger than 1 mm 2 could be analyzed without risk for contribution from neighbouring minerals due to the coarse spatial resolution of the proton beam.
The irradiated spots on a 0.1 mm thick tourmaline section can be seen in Fig. 2 . The colour changes are due to radiation damage in the minerals. The irradiated area was about 1 mm 2 per spot and had an elliptical shape due to the 45° angle between the sample surface and the particle beam ( Fig. 1) . The diffuse edges of the irradiated areas ( Fig. 2 ) are due to scattering of the protons in the beamexit foil and in the air between the foil and the sample. The silicon carbide grinding powder and the glue used for sample mounting were also analyzed and the risk of contamination found to be minimal. Pellets representing a composite tourmaline sample were prepared for comparative purposes from ground tourmaline and spectroscopically pure graphite powder. For further details of pellet preparation see Lill et al. (1993a) .
Calibration procedure
Powder pellets of United States Geological Survey Standard Reference Material (USGS SRM) BCR-1 (basalt) were prepared for the quantification of the results. The SRM pellets were analyzed in six different spots and the arithmethic mean values used for calibration. The precision of the method was calculated as the relative standard deviation (RSD) of these measurements. The RSDs thus include the heterogenity of the SRM.
A ratio between the mean value for the peak area, normalized with respect to the integrated charge, and certified concentration was determined empirically for each element and each set of Xray absorbers.
Germanium was readily detectable in some tourmaline samples but the concentrations in the USGS SRMs were below the detection limits. The Ge concentrations in tourmaline were therefore calculated using the measured X-ray yield to concentration ratio for gallium in the SRM. This approximation can be made considering the following: The K a X-ray yield for an element is mainly due to the particle induced K-shell ionization cross section, the detector efficiency and, of course, the elemental concentration. The detector efficiency depends strongly on the X-ray energy. The K ( -energies for Ga and Ge are close to each other (9.24 keV for Ga and 9.87 keV for Ge). The cross section for proton-induced, K-shell ionization in Ga is 128 x 10" 24 cm 2 and in Ge 98 x 10" 24 cm 2 (Cohen and Harrigan, 1985) .
X-ray filters
In this work two different sets of absorbers were used to attenuate the X-rays between the sample and the detector. A 3 mm polycarbonate filter with a 0.5 mm hole (funny filter) was used to smooth the X-ray spectra and thereby improve the multielement character of the method. This absorber was used in the determination of the major elements. The heavier trace elements were detected using a 10 im chromium foil on a 0.1 mm thick polyester backing (critical absorber) combined with two 0.35 mm thick Mylar foils. These filters strongly attenuated the K X-rays from iron and the lighter major elements and thereby increased the sensitivity for the detection of K Xrays from heavier trace elements. Secondary Xrays from the chromium foil precluded the analysis of chromium and vanadium. Manganese analyses were also affected by secondary X-rays but the M n concentrations were still well above the detection limits.
Analytical limitations
A limitation of the PIXE-technique is that the lightest elements up to aluminum cannot generally be detected. In our setup, however, fluorine could be detected utilizing the gamma line at 109.8 keV. Also cesium, barium and the REE are usually difficult to analyze with the same accuracy as the other heavy trace elements in geological samples. The K X-ray yields are low for these elements and the L X-rays appear in the same energy region as the K X-rays from some of the major elements. In the tourmaline analyses the detection limits were about 100 ppm.
Additionally, the determination of low potassium concentrations with the external beam setup used in this work was difficult. The detection limit for potassium was high due to a spectral peak overlap with K X-rays from argon in the beam path. The interference was minimized by the funny filter which for these energies served as a collimator for the emitted X-rays. Ehlers and Lindroos, 1992) with inserted geological map of the Mattkärr area compiled from obser\>ations by Pehrman (1945) , Seitsaari (1956) 
GEOLOGICAL BACKGROUND AND SAMPLING
The tourmaline samples were taken from a complex granite pegmatite in Mattkärr on the Kimito (or Kemiö) island in SW Finland (Fig. 3) . The Kimito pegmatites are well known among mineralogists since the 18th century for their rare minerals (e.g. Pehrman, 1945) . The Sm-Nd isochron age of allanite, apatite, gadolinite and garnet of one of the pegmatites (Lövböle, Fig. 3 ) is 1807±3 (Masuda et al., 1988) . The pegmatites are spatially related to a large 1.83 Ga (Suominen, 1991) microcline granite intruded into 1.88 Ga (Huhma, 1986) early Svecofennian schists and granitoids. The pegmatites occur mainly on the southern side of the microcline granite, in a brecciated gabbro belonging to the early Svecofennian suite. The brecciation of the gabbro and the emplacement of the granite took place during a long period of east-western dextral shearing in a transpressional tectonic regime (Ehlers et al., 1993) .
The Mattkärr pegmatite is situated about 4 km south of the microcline granite in the southern margin of the brecciated gabbro. Only the dump of a small quarry covered by a road is left. The original width of the pegmatite was a few meters and the length some tens of meters. The strike is east-west and the dip is steep. The main minerals are K-feldspar (microcline), quartz, muscovite and tourmaline. Large albite crystals are sparse and beryl, sphene, cassiterite, tantalite and columbite occur as accessories together with an unidentified metamict brown iron-manganese phosphate. Microscopic pyrite and chalcopyrite grains occur along fractures in the main minerals. Metallic gold and bismuth grains have also been identified with scanning electron microscope (SEM). Spinel, triplite and topaz have been reported by Pehrman (1945) and apatite by Hazebroek and Lof (1976) .
Tourmaline has grown during late stages of the shear movements and the crystals have responded to the stress field by forming new crystallographic orientations or by fracturing. In Mattkärr they can be partly replaced by hydrothermal quartz and in more sheared pegmatites they are altered to micas. The colour is black in hand specimen and greyish green in thin sections with pleochroism towards greyish blue-green. In the 0.1 mm thin sections the Fig. 2 . The ,9 F-gamma line is shown in the insert.
Fig. 4. X-ray spectrum for the determination of the major elements of spot 3' in
tourmalines are dark brown-green, brown-green with bluish staining or clear blue. Several crystallographic orientations are also usually present in the same specimen as seen in Fig. 2 . The tourmalines can also be zoned with a light core and a dark rim with the same crystallographic orientation.
RESULTS
Major element composition of tourmalines
Major elements were analyzed in a short 4-spot row across the dark tourmaline specimen in Fig. 2 and in six spots in the tourmaline pellet. The results are presented in Table I together with published values (Lokka. 1943 ; wet-chemical methods) of a tourmaline from Mattkärr. The results are not directly comparable, because separate specimens were studied. The results of the pellet analysis are yet quite close to the values given by Lokka. The certified values of the SRM and the relative standard deviation (RSD) of six determinations are also included in the table. The funny filter was used to smooth out the X-ray spectra. The concentrations of silicon are near the detection limit (due to the filtering) and the RSD is large. A typical X-ray spectrum for the analysis of tourmaline is shown in Fig. 4 .
Because rather high zinc concentrations were detected with TTPIXE in the Mattkärr schorl tourmalines, schorls from two other localities were also analyzed (Table 1) . Two specimens are from a complex pegmatite in Kuortane 200 km north of Mattkärr and one is from Peräseinäjoki 250 km north of Mattkärr. Also these specimens showed high zinc concentrations.
Trace elemental profiles
The analysis of trace elements with Z>26 (heavier than iron) was the main scope of this study. The relative X-ray yields from these elements were increased by attenuating the K X-rays from iron by the set of absorbers comprising a chromium foil and two Mylar foils (section 2.5). The results are presented in Table 2 .
Profiles for some of the elements analyzed are plotted in Fig. 5 . Most of the profiles show a clear fractionation between the different crystals and different coloured zones within the crystals, although point 7 is chemically more similar to points 4-6 than points 8-10 in the same crystal. The variation in the fluorine content is rather irregular with concentration drops near fractures and grain boundaries. The transition elements Fe, Mn and Zn have very similar patterns, while Ti shows a pattern more similar to Ga and Ge.
DISCUSSION
The TT PIXE method
The TTPIXE method combined with the sample scanning device and a video monitoring system provided accurate control of what was actually analyzed in the mineral sections. The irradiated area of the sample was about 1 mm : per spot and had an elliptical shape due to the 45° angle between the sample surface and the particle beam. The stopping range of a 3 MeV proton beam in tourmaline is 82 ^m (Ziegler and Biersack, 1985) . The normal penetration depth was 58 |im. Hence the irradiated volume was 0.1 mm 3 or 0.3 mg (the density of tourmaline taken as 3.227 g/cm 3 ; Lokka, 1943) . The measured elemental concentration does not represent the average concentration for an element in the irradiated volume. The proton beam energy decreases with the penetration depth in the material. This affects the ionization cross section which decreases as well as the X-ray production. Furthermore, the degree of absorption of the X-rays increases with depth of origin and also depends on the sample composition and density. Thus, elements in the surface layers of the irradiated volume are more likely to produce detectable X-rays than elements located at the end of the beam path.
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The elemental concentrations reported in this work represent a small part of the irradiated volume. The main part of the detected X-rays originates from a region down to a depth of a few tens of (xm. This feature gives possibilities to visually determine whether the concentrations represent a pure mineral or whether inclusions or contaminated fractures are present in the mineral. This information is lost in analyses where a grinding or dissolving procedure is involved.
Compared with EMP analyses of minor and trace elements the PIXE analyses are of higher sensitivity. Zinc, which is usually not detected in tourmaline samples with EMP, is one of the most suitable elements to be analyzed with PIXE.
The tourmalines
The tourmalines studied are schorl end-members with a high iron and a low alkali content. The fluorine, zinc and gallium values are high. According to Deer et al. (1986) Lokka (1943) : 10.03% B,0 3 , 33.65% A1,0 3 . 0.20% MgO, 1.67% Na,0, 1.21% H,0+ and 0.11% H"0-. Iron is reported as 6.18% Fe 2 0, and 10.09% FeO. The high proportion of ferric iron is exceptional. The aluminum content is, however, normal. The ferric iron thus substitutes ferrous iron and not aluminum. Zn and Ti are as abundant as Mn in the Mattkärr schorl. They are also considered to substitute for ferrous iron (Deer et al., 1986) .
Zinc is not usually reported as a minor element in schorl tourmaline (e.g. Manning, 1982; Deer et al., 1986; Foit, 1989) . This is because tourmalines are usually analyzed with EMP and the zinc concentations are just below the detection limit of the technique (e.g. Grice and Ercit, 1993) . High zinc concentrations have, however, also been reported. (Jolliff et al., 1986) . This study suggests that zinc is as common as manganese in many schorls. Zinc is probably the element which most easily substitutes ferrous iron since the ionic radius of both Zn 2+ and Fe 2+ is 74 pm (0.74 Å) according to Berger (1991) . The concentration of zinc in schorl therefore reflects the concentration of zinc in the residual granite melts. Zinc concentrations in a highly refractory mineral like tourmaline should also be considered when interpreting zinc distribution in soil samples. Although iron and zinc are highly compatible in schorl, copper on the other hand is highly incompatible at least in the presence of a minor sulphide phase.
The dark crystals are clearly enriched in titanium compared with the greenish crystals and especially the transparent blue ones. The correlation between Ti content and a dark brown colour in schorls has earlier been described by Black (1971) and Mannig (1982) . They found no other correlations between any of the main elements determined with EMP and pleochroic colour. Our results also suggest a correlation between dark colour and titanium content. However, there remains the possibility that the dark colour results from both ferric iron and titanium substituting for ferrous iron. The ionic radius of Ti 4+ = 68 pm (0.68 A) is close to that of Fe 3+ = 64 pm (0.64 Å) according to Berger (1991) . The darkening caused by the proton irradiation shows that not only the composition determines the colour of tourmaline.
The concentrations of K, Rb, Nb, Sn, and Ta are low in the tourmaline profile, but higher in the pellet. The higher concentrations obtained for the pellet and by the wet chemical analysis (potassium values by Lokka, 1943) are due to microscopic micas in fractures in the tourmaline. Ta, Nb, and Sn also occur as columbite-tantalite-cassiterite inclusions. Arsenic and gold are present in microfractures and voids in the tourmalines as well as in the other main minerals. Tungsten and partly tantalum are contaminants from the tungsten carbide mill used in the pellet preparation. Calcium and strontium are unevenly distributed and enriched in the pellet. The concentrations of these elements are probably affected by secondary calcite, which is common in fractures and slickenside surfaces in the area.
CONCLUSIONS
From the analytical point of view the PIXE technique has many advantages for the study of refractory minerals in comparison with e.g. wetchemical methods. The method is relatively nondestructive for geological samples and allows the determination of many elements simultaneously.
The sample preparation is simple; solid samples of minerals and rocks can be directly analyzed and it is easy to control what is actually being analyzed with the scanning and monitoring systems developed. Contamination from grinding materials and from reagents used for dissolution of the sample can thus be avoided. A great advantage is also that germanium and tin and the anionic elements e.g. fluorine, chlorine, bromine, iodine, sulphur and phosphorus can be analyzed.
The millibeam PIXE technique provides a powerful instrument for a geologist in combination with a polarizing microscope. The mineral grains to be analyzed can be selected with the polarizing microscope and then they can be accurately analyzed with the PIXE method for almost all trace elements present in concentrations above approximately 10 ppm. After the analysis the sample can be re-examined with the microscope. When several multielement minerals or if several phases of one mineral exist, the geochemical history of the sample can be reconstructed.
The simplest way to obtain quantitative determinations with PIXE is to choose a standard reference material with a major-element composition as similar as possible to the samples studied. The analytical error due to matrix effects is small in PIXE compared with many other analytical techniques (e.g. Johansson and Campbell, 1988; Maenhaut, 1990 ). Tests carried out on different standard reference materials showed, that the reliability and the accuracy of the method are good. For most elements the relative errors of the determination is clearly below 10%. The sensitivity of the method is good. For the trace elements studied a detection limit in the region 1 -10 ppm can be achieved, mainly depending on the set of absorbers used.
About twenty elements were detected in the Mattkärr tourmalines, and the concentration of fourteen elements could be determined quantitatively. The agreement of our results with earlier published wet-chemical data for tourmaline samples from the same site in Mattkärr (Lokka, 1943) is good. The tourmalines could be classified as a schorl end-member rich in F, Zn and Ga. The high zinc concentrations were not expected. This is mainly because very few analyses of zinc in schorl have been reported in the literature.
This work has demonstrated that external millibeam PIXE is a useful method in mineral analysis. PIXE enables direct reliable analysis of trace elements in single mineral grains without risk for contamination.
